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ABSTRACT 
An a n a l y t i c a l  i n v e s t i g a t i o n  of a e r o e l a s t i c  response o f  m e t a l l i c  and com- 
p o s i t e  p r o p f a n  models i n  yawed flow has been performed. The a n a l y t i c a l  model 
i s  based on  t h e  normal modes o f  a r o t a t i n g  b l a d e  and t h e  th ree-d imens iona l  
unsteady l i f t i n g  s u r f a c e  aerodynamic theo ry  i n c l u d i n g  b l a d e  m i s t u n i n g .  The 
c a l c u l a t e d  b l a d e  s t r e s s e s  or s t r a i n s  are compared w i t h  p u b l i s h e d  wind tunne l  
d a t a  for two m e t a l l i c  and t h r e e  composite p rop fan  wind tunne l  models. The com- 
p a r i s o n  shows a good agreement between t h e o r y  and exper iment .  A d d i t i o n a l  para-  
m e t r i c  r e su l t s  i n d i c a t e  t h a t  b lade  response i s  v e r y  s e n s i t i v e  tc! t h e  blade 
s t i f f n e s s  and a l s o  to  b lade  f requency  and mode shape m i s t u n i n g .  From these 
f i n d i n g s ,  i t  i s  conc luded t h a t  bo th  f requency  and mode shape m i s t u n i n g  shou ld  
be i n c l u d e d  i n  a e r o e l a s t i c  response a n a l y s i s .  Fur thermore ,  b o t h  c a l c u l a t e d  
and measured s t r a i n s  show t h a t  combined b lade  f requency and mode shape mis tun-  
i n g  has b e n e f i c i a l  e f f e c t s  on response due t o  yawed f low. 
INTRODUCTION 
Renewed i n t e r e s t  i n  p rop fan  (or advanced tu rboprop )  p r o p u l s i o n  i s  due t o  
i t s  p o t e n t i a l  for v e r y  h i g h  f u e l  e f f i c i e n c y  a t  c r u i s e  speeds up to  Mach 0.85.  
A number o f  s t u d i e s  have been conducted by b o t h  NASA and i n d u s t r y  t o  e v a l u a t e  
t h e  p o t e n t i a l  o f  p r o p f a n  p r o p u l s i o n  for b o t h  c i v i l  and m i l i t a r y  a p p l i c a t i o n s .  
These s t u d i e s  have l e d  t o  two p romis ing  p r o p f a n  concepts :  One i s  s i n g l e  r o t a -  
t i o n  (SR)  w i t h  e i g h t  t o  t e n  b lades and the  o t h e r  i s  c o u n t e r r o t a t i o n  (CR) .  
Bo th  these concepts have been e x t e n s i v e l y  s t u d i e d .  Large s c a l e  models have 
been b u i l t ,  and f l i g h t - t e s t e d  ( r e f s .  1 and 2 )  for p r o o f  o f  concept .  
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Suppor t ing  these new p r o p f a n  concepts,  b o t h  t h e o r e t i c a l  and exper imen ta l  
research  e f f o r t  on p rop fan  a e r o e l a s t i c i t y  has been c o n t i n u i n g  a t  NASA Lewis 
Research Center. A s  a p a r t  o f  t h i s  research ,  a t h e o r e t i c a l  i n v e s t i g a t i o n  on  
f o r c e d  a e r o e l a s t i c  response o f  SR p rop fans  i n  yawed- or o f f - a x i s  f low has been 
per formed.  
b lades ,  and t h i s  change, i n  t u r n ,  causes one p e r  r e v o l u t i o n  p e r i o d i c  l o a d i n g  
on t h e  b lades .  Unders tand ing  and p r e d i c t i n g  t h i s  k i n d  o f  p e r i o d i c  l o a d i n g  and 
t h e  p r o p f a n  blade response a re  v e r y  i m p o r t a n t  i n  t h e ' d e s i g n  o f  t h e  b lades .  
The yawed f low causes a p e r i o d i c  change i n  t h e  ang le  of  a t t a c k  o f  
T h e o r e t i c a l  p r e d i c t i o n  o f  p r o p f a n  a e r o e l a s t i c  response i s  one o f  t h e  most 
The d e f l e c t i o n s  due t o  c e n t r i f u g a l  and aerodynamic 
c h a l l e n g i n g  problems faced  by a e r o e l a s t i c i a n s  because t h e  b lades  a r e  t h i n  and 
f l e x i b l e  w i t h  l a r g e  sweep. 
loads  a r e  l a rge ,  p a r t i c u l a r l y  a t  t h e  b lade  t i p ;  hence t h e  response prob lem i s  
i n h e r e n t l y  non l i nea r  r e q u i r i n g  geomet r ic  n o n l i n e a r  t h e o r y  o f  e l a s t i c i t y  i n  
s t r u c t u r a l  modeling o f  t h e  b lades .  
r a t i o  w i t h  l a rge  sweep, th ree-d imens iona l  aerodynamic e f f e c t s  i n  a d d i t i o n  to  
cascade e f f e c t s  should be i n c l u d e d  i n  t h e  aerodynamic mode l ing  o f  t h e  b l a d e s .  
A d d i t i o n a l l y ,  t h e  p r o p e r t i e s  o f  t h e  b lades  d i f f e r  from b lade  t o  b lade  because 
of manu fac tu r ing  l i m i t a t i o n s .  The presence o f  such smal l  d i f f e r e n c e s  i s  known 
as m i s t u n i n g  and i t  i s  expected t o  p l a y  a s i g n i f i c a n t  r o l e  on t h e  b lade  aero-  
e l a s t i c  response. Because o f  these c o m p l e x i t i e s ,  p u b l i s h e d  l i t e r a t u r e  on t h e  
p r o p f a n  f o r c e d  response i s  v e r y  l i m i t e d .  References 3 and 4 c a l c u l a t e d  t h e  
fo rced response o f  t h r e e  p r o p f a n  wind t u n n e l  models t e s t e d  a t  NASA Lewis. 
A n a l y s i s  was based on two-dimensional unsteady aerodynamic t h e o r y  w i t h o u t  
b lade  m is tun ing .  
poor  t o  good and i d e n t i f i e d  a need for  improved a n a l y s i s  methods. 
S ince  t h e  b lades  have a moderate aspec t  
The c o r r e l a t i o n  between t h e o r y  and exper iment  v a r i e d  from 
The s p e c i f i c  o b j e c t i v e s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  a re :  ( 1 )  t o  improve 
t h e  p r o p f a n  fo rced  response p r e d i c t i o n  c a p a b i l i t i e s  by deve lop ing  a t h e o r e t i c a l  
model, and an assoc ia ted  computer program, w i t h  th ree-d imens iona l  unsteady 
aerodynamic e f f e c t s  and aerodynamic and s t r u c t u r a l  m i s t u n i n g ;  ( 2 )  t o  c o r r e l a t e  
t h e o r e t i c a l  and exper imenta l  r e s u l t s  for v a l i d a t i n g  t h e  a n a l y s i s ;  and ( 3 )  t o  
conduct  pa ramet r i c  s t u d i e s  t o  assess t h e  e f f e c t  o f  f requency  and mode shape 
m i s t u n i n g  on  blade response. 
To accompl ish these o b j e c t i v e s ,  t h e  t h e o r e t i c a l  a e r o e l a s t i c  models 
desc r ibed  i n  re fe rences  5 and 6 were enhanced t o  c a l c u l a t e  b lade  s t r e s s e s  due 
t o  yawed f low. A s  i n  r e f e r e n c e s  5 and 6, each b lade  was s t r u c t u r a l l y  modeled 
by u s i n g  p l a t e  f i n i t e  e lements.  The th ree -d imens iona l ,  unsteady subsonic  l i f t -  
i n g  s u r f a c e  aerodynamic t h e o r y ,  d e s c r i b e d  i n  r e f e r e n c e  7 ,  was extended t o  
account  for  blade m i s t u n i n g  and f o r  yawed f low. The aerodynamic t h e o r y  was 
a l s o  extended to  cover superson ic  h e l i c a l  Mach numbers w i t h  subson ic  a x i a l  
f low. By us ing  b lade normal modes and t h e  a s s o c i a t e d  unsteady aerodynamic 
loads ,  a modal fo rced response a n a l y s i s  and an a s s o c i a t e d  computer program, 
ASTROP3, were developed. The acronym ASTROP3 s tands  f o r ,  " A e r o e l a s t i c  S t a b i l -  
i t y  and Response o f  P r o p u l s i o n  Systems . I '  
The code was a p p l i e d  t o  f i v e  wind t u n n e l  p r o p f a n  research  models o f  0.62 m 
(2  f t )  diameter  which were t e s t e d  for f o r c e d  response a t  NASA Lewis.  These 
models a r e  SR-5 ( r e f .  8), SR-3 ( r e f .  4) SR3C-X2 ( r e f .  51, SR3C-3 ( r e f .  61, and 
SR3C-X2/SR3C-3 ( r e f .  6 ) .  The b lades  of t h e  f i r s t  two models w e r e  made o f  t i t a -  
nium, and o f  the l a s t  t h r e e  models were molded from graphite-plylepoxy-matrix 
l am ina ted  m a t e r i a l .  The b lade  m i s t u n i n g  i n  t h e  f i r s t  f o u r  models was i n h e r e n t  
from manufac tur ing  t o l e r a n c e s  and was r e l a t i v e l y  s m a l l .  However, t h e  f i f t h  
model was i n t e n t i o n a l l y  mis tuned for a p a r t i c u l a r  t y p e  o f  m i s t u n i n g  which i s  
2 
I 
characterized by the differences in the blade frequencies, mode shapes, steady- 
state deflected shapes, and motion dependent unsteady aerodynamic loads. 
The paper presents the analytical development of an aeroelastic response 
model, outlines the application of the analysis to the wind tunnel models, and 
correlates calculated and measured blade stresses. Finally, the paper presents 
some results to show the effects of mistuning on the aeroelastic response of 
the propfan models. 
NOMENCLATURE 
matrix of influence coefficients, equation (5) 
generalized aerodynamic matrix 
area vector, equation (6) 
matrices, equations (10) and (11) 
nonaerodynamic force vector of a group of blades 
modal frequency of a blade in jth mode, Hz 
generalized aerodynamic force vector due to yawed flow 
unit matrix 
fi; also blade index 
generalized stiffness matrix of a group of blades 
generalized stiffness matrix ith blade in a group 
stiffness matrix of a group of blades, equation (1) 
centrifugal softening matrix of a group of blades 
aerodynamic matrix, r = 0,l . . .  NG - 1 ,  equation (8) 
Mach number of freestream 
physical mass matrix 
generalized mass matrix of a group of blades 
generalized mass matrix of a jth blade 
generalized mass of ith blade in jth mode 
number of b ade groups 
number of b ades in a group 
oxxi ,oyyi **xy i  
[ 6 i  1 
m i  j 
number o f  modes o f  a group 
number o f  aerodynamic pane ls  i n  a group 
number o f  modes o f  t h e  i t h  b lade  i n  a group 
t o t a l  number of panel  edge r a d i i  i n  a group 
aerodynamic l oads  o f  a b lade  group 
s teady -s ta te  aerodynamic modal f o r c e  v e c t o r  o f  a g roup o f  
b lades  
g e n e r a l i z e d  c o o r d i n a t e  v e c t o r  of a b lade  group 
complex amp1 i tude o f  {q} 
g e n e r a l i z e d  c o o r d i n a t e  of t h e  j t h  mode o f  t h e  i t h  b lade  
i n  a group 
modal s t r e s s  m a t r i x  o f  an e lement  o f  t h e  i t h  b lade  
s teady-s ta te  d e f l e c t i o n  
m a t r i x  o f  normal v e l o c i t i e s  
b lade p i t c h  ang le  a t  314 r a d i u s  
v i b r a t o r y  d e f l e c t i o n  v e c t o r  a t  g r i d  p o i n t s  
normal d isp lacement  o f  t h e  b lade  s u r f a c e  a t  t h e  c o n t r o l  p o i n t s  
damping r a t i o  i n  j t h  mode o f  t h e  i t h  b lade  i n  a g roup 
i n t e r g r o u p  phase ang le  between l i k e  b lades  from group t o  group 
normal and shear s t r e s s e s  o f  an e lement  o f  t h e  i t h  b lade  
modal m a t r i x  o f  i t h  b lade  i n  a group 
f requency  o f  t h e  j t h  mode o f  t h e  i t h  b lade ,  rad1sec 
FORMULATION OF ANALYTICAL MODEL FOR AEROELASTIC RESPONSE 
An a n a l y t i c a l  model f o r  f l u t t e r  and f o r c e d  response by  t h e  modal method 
f o r  tuned s i n g l e - r o t a t i o n  propfans w i t h  r i g i d  hubs was p resen ted  i n  r e f e r -  
ence 5 .  That model was extended and g e n e r a l i z e d  i n  r e f e r e n c e  6 for f l u t t e r  o f  
s i n g l e  r o t a t i o n  propfans w i t h  s t r u c t u r a l l y  and ae rodynamica l l y  m 
E f f e c t s  o f  the aerodynamic m i s t u n i n g  on t h e  r>roPfan f l u t t e r  ( i n c  . .  
n a t e l y  mounted backward and forward-swept  b lades )  were addressed 
ence 9.  I n  t h i s  s e c t i o n ,  t h e  model p resen ted  i n  r e f e r e n c e  6 has 
and genera l i zed  for a e r o e l a s t i c  response o f  SR p rop fans  i n  yawed 
t h e  b a s i c  d e t a i l s  were g i v e n  i n  re fe rences  5 and 6, o n l y  an o u t 1  
s tuned b i  ades . 
u d i n g  a1 t e r -  
i n  r e f e r -  
been extended 
flow. S ince  
ne of t h e  
I 
I 
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development and of s p e c i a l  m o d i f i c a t i o n s  which a r e  e s s e n t i a l  t o  i n c o r p o r a t e  
bo th  aerodynamic and s t r u c t u r a l  m is tun ing  a r e  p resen ted  he re .  
Equat ions o f  Mo t ion  for A e r o e l a s t i c  Response o f  a Mis tuned Prop fan  
The prop fan ,  shown i n  f i g u r e  1 ,  i s  assumed t o  have NG i d e n t i c a l  groups 
o f  b lades  symmet r i ca l l y  d i s t r i b u t e d  around t h e  d i s k .  Each group c o n t a i n s  NB 
b lades  which need have no s p e c i a l  geometr ic  or s p a t i a l  r e l a t i o n s h i p  to  each 
o t h e r .  A schematic f o r  an e igh t -b laded  rotor w i t h  f o u r  b l a d e  groups i s  i l l u s -  
t r a t e d  i n  f i g u r e  2. A tuned r o t o r  then corresponds t o  NB = 1 ,  i n  wh ich  case 
NG i s  t h e  t o t a l  number o f  b lades .  I n  genera l ,  i t  i s  assumed t h a t  t h e  groups 
v i b r a t e  w i t h  i d e n t i c a l  mot ion ,  b u t  w i t h  a c o n s t a n t  i n t e r g r o u p  phase ang le ,  
which may take  any o f  t h e  va lues  UGi = 2 r i /NG,  i = 0,1, . . .  (NG-1 ) .  Genera l -  
i z i n g  t h e  s teady-s ta te  s i n g l e  b lade  equat ion  i n  re fe rence 5, t h e  co r respond ing  
equa t ion  f o r  any group i s  
[CKSI  + [K({u,})IJ {u,} = {P({u0}) }  + {Fo) 
The f o r m  o f  e q u a t i o n  ( 1 )  i s  t h e  same as t h e  co r respond ing  one i n  r e f e r -  
ence 5, b u t  t h e  o r d e r s  of t h e  m a t r i c e s  and of t h e  d isp lacement  v e c t o r  a r e  d i f -  
f e r e n t .  The s t i f f n e s s  and f o r c e  ma t r i ces  i n  e q u a t i o n  ( 1 )  r e p r e s e n t  t h e  e n t i r e  
b lade  group.  For example, for a propfan w i t h  e i g h t  b lades  ( f o u r  groups w i t h  
two b lades  i n  each group) ,  228 g r i d  p o i n t s  for each b lade,  and s i x  degrees o f  
f reedom for  each g r i d  p o i n t ,  t h e  t o t a l  number of degrees o f  f reedom o f  equa- 
t i o n  (1 )  i s  2736. Fur thermore,  t h e  equat ion i s  n o n l i n e a r  i n v o l v i n g  l a r g e  
d e f l e c t i o n s ,  c e n t r i f u g a l  loads ,  and s teady-s ta te  a i r l o a d s .  The s o l u t i o n  
r e q u i r e s  s u b s t a n t i a l  computer t ime .  To reduce t h a t  t i m e ,  t h e  s t e a d y - s t a t e  
aerodynamic loads have been n e g l e c t e d  h e r e i n  ( t h e  e f f e c t  o f  these s teady  a i r -  
loads  on f l u t t e r  f o r  a tuned r o t o r  i s  addressed i n  r e f .  5 ) .  Wi th  t h i s  
assumpt ion,  t he  s teady aerodynamic c o u p l i n g  between t h e  b lades  i n  a group i s  
e l i m i n a t e d  f r o m  t h e  a n a l y s i s .  Consequently, t h e  s teady -s ta te  d e f l e c t i o n s  and 
t h e  d i f f e r e n t i a l  s t i f f n e s s  of  each b lade i n  a group can be c a l c u l a t e d  indepen- 
d e n t l y  by  u s i n g  equa t ion  ( 1 )  w i t h o u t  steady a i r l o a d s .  The compu ta t i ona l  p ro -  
ceure used fo r  b o t h  t h e  m e t a l l i c  and composite b lades  i s  t h e  same as t h a t  
desc r ibed  i n  r e f e r e n c e  5. The v i b r a t i o n  modes and f requenc ies  o f  each b l a d e  
i n  t h e  group a re  c a l c u l a t e d  independent ly  by u s i n g  t h e  f o l l o w i n g  equa t ion ,  
which i s  a l s o  d iscussed i n  r e f e r e n c e  5. 
[ M I  { A u ( t ) )  + [ [ K s l  + [ K ( { u o } ) l ]  { A u < { t > }  = 0 
For c a l c u l a t i n g  t h e  b lade  e lementa l  s t r e s s e s  and s t r a i n s ,  t h e  b lade  modal 
s t r e s s e s  a r e  r e q u i r e d .  I n  s o l v i n g  equat ion  (2), t h e  modal s t r e s s e s  a r e  a l s o  
c a l c u l a t e d .  The n e x t  s t e p  i n  t h e  f o r m u l a t i o n  of t h e  a e r o e l a s t i c  model by  t h e  
modal method i s  t o  g e n e r a l i z e  t h e  s i n g l e  b lade  e q u a t i o n  o f  r e f e r e n c e  5 t o  NB 
b lades  i n  a group. 
i n  re fe rence 6,  t h e  a e r o e l a s t i c  equat ions for NB a r b i t r a r i l y  mis tuned b lades  
i n  a g roup a r e  
Assuming s imp le  harmonic mo t ion  and f o l l o w i n g  t h e  procedure  
E Mg J {q} + P Kg J {q) = [ A l l  {q}  + {G}eiWt (3) 
Again,  t he  form o f  e q u a t i o n  (3 )  i s  t h e  same as t h e  co r respond ing  one of 
re fe rence 5, b u t  t h e  o r d e r s  o f  t h e  ma t r i ces  and o f  t h e  g e n e r a l i z e d  c o o r d i n a t e  
v e c t o r  a r e  d i f f e r e n t .  The new d e f i n i t i o n s  a r e  as fo l lows: 
I 
( 1  + 2iG 
i NMi 
Mi NMiOi NHi 
I 
6 
The c o e f f i c i e n t s  M i j ,  w i j ,  and C i j  a r e  t h e  g e n e r a l i z e d  mass, t h e  f r e -  
quency, and t h e  damping r a t i o ,  r e s p e c t i v e l y ,  co r respond ing  to  t h e  j t h  normal 
mode o f  t h e  i t h  b lade  i n  a group. The s u f f i x  N M i  r e p r e s e n t s  t h e  number o f  
b lade normal modes cons idered for  t h e  i t h  b lade  i n  t h e  a n a l y s i s .  The q u a n t i -  
t i e s  [$il and { q i }  a r e  t h e  modal m a t r i x  and t h e  g e n e r a l i z e d  c o o r d i n a t e  
v e c t o r  for t h e  i t h  b lade  i n  a group, r e s p e c t i v e l y .  The d e t a i l s  fo r  t h e  
development o f  t h e  mot ion  dependent aerodynamic m a t r i x ,  [ A i l ,  and t h e  mo t ion  
independent  aerodynamic m a t r i x ,  {G} ,  are g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n .  
Unsteady Aerodynamic Model For A r b i t r a r y  M i s t u n i n g  
The g e n e r a l i z e d  aerodynamic f o r c e  m a t r i x ,  [ A l l ,  i n  e q u a t i o n  ( 3 )  has been 
computed w i t h  t h e  th ree-d imens iona l  compress ib le  1 i f t i n g  s u r f a c e  t h e o r y  
desc r ibed  i n  r e f e r e n c e  7 .  S ince  t h e  ex tens ion  o f  t h e  t h e o r y  to  i n c l u d e  mis tun-  
i n g  i s  g i v e n  i n  r e f e r e n c e  6, o n l y  an o u t l i n e  o f  t h e  method and s p e c i a l  m o d i f i -  
c a t i o n s  f o r  c a l c u l a t i n g  t h e  aerodynamic m a t r i x ,  {G} ,  w i l l  be d iscussed.  
The numer ica l  method i s  based on an assumed l i n e a r i z a t i o n  o f  t h e  f l u i d  
The d i s t u r b a n c e  genera ted  by  t h e  ro tor  mo t ion  about  a u n i f o r m  s teady  flow. 
b lades  i s  presumed to  be s imp le  harmonic i n  t i m e  i n  a r e f e r e n c e  f rame r o t a t i n g  
w i t h  t h e  b lades .  Each wake i s  assumed t o  be r i g i d  and t o  l i e  i n  t h e  h e l i c a l  
s u r f a c e  swept o u t  by t h e  b lade  t r a i l i n g  edge. These assumpt ions r e s u l t  i n  a 
l i n e a r  i n t e g r a l  e q u a t i o n  r e l a t i n g  t h e  normal v e l o c i t y  o f  t h e  s u r f a c e  o f  t h e  
b lades  to t h e  l o a d  ( d i f f e r e n t i a l  pressure)  a c t i n g  on t h e  b lades .  The i n t e g r a l  
e q u a t i o n  i s  so l ved  by a p iecew ise  cons tan t  l o a d  panel  method. 
For s i m p l i c i t y ,  t h e  e f f e c t s  o f  hubs and n a c e l l e s  a r e  i gno red ,  as i s  b lade  
t h i c k n e s s .  The b lades a re ,  i n  e f f e c t ,  t r e a t e d  as loaded h e l i c a l  sur faces w i t h  
no t h i c k n e s s .  A s  i n  any l i n e a r  aerodynamic t h e o r y ,  t h e  unsteady l oads  induced 
by b lade  v i b r a t i o n  a r e  m a t h e m a t i c a l l y  decoupled from t h e  s teady  l oads  a r i s i n g  
from b l a d e  inc idence .  
The use o f  l i n e a r  aerodynamic theo ry  l i m i t s  t h e  a p p l i c a b i l i t y  o f  t h e  
method t o  l i g h t l y  loaded c o n d i t i o n s  ( u n s t a l l e d )  and t o  Mach numbers a t  which 
t r a n s o n i c  e f fec ts  a t  t h e  b lade  t i p s  are n o t  s i g n i f i c a n t .  I n  a d d i t i o n ,  t he  
r i g i d  wake approx ima t ion  breaks down a t  low advance r a t i o s ,  where t h e  induced 
v e l o c i t i e s  may have a s t r o n g  i n f l u e n c e  on t h e  wake s t r u c t u r e  (wh ich  i n  t u r n  may 
s i g n i f i c a n t l y  modify t h e  b lade  load ing ) .  
a p r i o r i  whether such e f fec ts  w i l l  be p resent  a t  a g i v e n  o p e r a t i n g  p o i n t ,  so 
some c a u t i o n  i n  i n t e r p r e t i n g  t h e  r e s u l t s  i s  necessary.  
O f  course,  one u s u a l l y  does n o t  know 
The geometry and v i b r a t i o n  mode data a re  u s u a l l y  o b t a i n e d  by s o l v i n g  
equa t ions  ( 1 )  and (2 )  w i t h  COSMIC NASTRAN ( r e f .  10). For aerodynamic model- 
i n g ,  t h e  group i s  paneled by p l a c i n g  a f i x e d  number, NXP, o f  q u a d r i l a t e r a l  pan- 
e l s  on each r a d i a l  i n t e r v a l  r t ( j >  < r < r t ( j  + l ), j = 1 ,  ... NRT (un less  
r t ( j  + 1 )  < r t ( j > ,  which s i g n a l s  a jump from t h e  t i p  o f  one b l a d e  t o  t h e  root 
of t h e  n e x t ) .  Thus, except  f o r  the  d e l e t i o n  o f  t i p - r o o t  connec t ions ,  t h e  group 
i s  e f f e c t i v e l y  t r e a t e d  as a s i n g l e  sur face  w i t h  NP = NXP* (NRT - NB) pane ls .  
The de 
t i a l l y ,  one 
i t s  n a t u r a l  
t h e  j t h  b 
whole, t hen  
i n i t i o n  o f  group v i b r a t i o n  modes r e q u i r e s  s p e c i a l  ment ion .  Essen- 
group mode c o n s i s t s  o f  one b lade  i n  t h e  group v i b r a t i n g  i n  one of 
modes w h i l e  a l l  o t h e r  blades i n  t h e  group remain f i x e d .  Suppose 
ade i n  a group i s  ass igned N M j  v i b r a t i o n  modes. The group as a 
has NMG = NM1 + NM2 + . . . + NMNB modes. The group mode NM1 + 1 ,  
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for  example, corresponds t o  t h e  second b lade  i n  t h e  group v i b r a t i n g  i n  i t s  
f i r s t  mode, wh i le  a l l  r ema in ing  b lades  a r e  s t a t i o n a r y .  
I n  genera l ,  l e t  m a t r i x  CW(n,k)l denote t h e  normal v e l o c i t y  a t  t h e  n t h  
c o n t r o l  p o i n t ,  t h e  p o i n t  a t  which t h e  boundary c o n d i t i o n  i s  en fo rced ,  i n  t h e  
k t h  group mode. Th is  a r r a y  i s  i n i t i a l i z e d  to  z e r o  and then  loaded sequen- 
t i a l l y  w i t h  the NM1 va lues  o f  f i r s t  b lade  modes 1411, a t  c o n t r o l  p o i n t s  on 
t h e  f irst blade, t h e  NM2 va lues  o f  second b lade  modes, C421, a t  c o n t r o l  
p o i n t s  on t h e  second b lade,  and so on. The normal v e l o c i t i e s  a t  each c o n t r o l  
p o i n t  due to  the yawed flow a r e  s t o r e d  i n  t h e  l a s t  column o f  t h e  
Thus t h e  t o t a l  number o f  rows o f  t h e  C W l  m a t r i x  i s  equal  t o  t h e  number o f  
c o n t r o l  p o i n t s  i n  the  group, and t h e  t o t a l  number of columns i s  equal  t o  
NMG + 1 .  
C W I  m a t r i x .  
i 
The aerodynamic l oads  can then  be found by s o l v i n g  t h e  l i n e a r  a l g e b r a  
problem: 
[ A I  [ P I  = C W I  (5) 
where [ A I  i s  t h e  (NP,NP) m a t r i x  of i n f l u e n c e  c o e f f i c i e n t s ,  [ W I  i s  t h e  (NP, 
NMG + 1 )  m a t r i x  of normal v e l o c i t i e s ,  and [ P I  i s  t h e  (NP, NMG + 1) a r r a y  o f  
loads  on t h e  b lade group.  The i n f l u e n c e  c o e f f i c i e n t  m a t r i x  c o n t a i n s  t h e  
i n t e r f e r e n c e  between b l a d e  groups and, t h e r e f o r e ,  depends on t h e  i n t e r g r o u p  
phase ang le  (as w e l l  as t h e  v i b r a t o r y  f requency) .  Thus, separa te  s o l u t i o n s  
a r e  r e q u i r e d  f o r  eve ry  i n t e r g r o u p  phase ang le  and f requency  o f  i n t e r e s t .  For  
example, f o r  an e i  gh t -b l  aded p r o p f a n  w i t h  tuned b lades ,  t h e  i n t e r g r o u p  phase 
ang le  o f  t h e  f o r c i n g  f u n c t i o n  i s  315O, which corresponds t o  a one nodal  diam- 
e t e r  backward t r a v e l i n g  wave. 
c a l l y  i d e n t i c a l  groups, t h e  i n t e r g r o u p  phase ang le  o f  t h e  l o a d i n g  i s  270O. 
For an e igh t -b laded  p r o p f a n  w i t h  fou r  symmetri-  
Once t h e  load d i s t r i b u t i o n  has been found,  t h e  g e n e r a l i z e d  f o r c e  m a t r i x  
can be determined by numer ica l  i n t e g r a t i o n  ove r  t h e  b lade  group: 
where P ( j , m >  i s  t h e  l o a d  on  t h e  j t h  panel  ( w i t h  a r e a  d A ( j ) ) ,  a s s o c i a t e d  
w i t h  the  mth group mode, and S( j , n )  i s  t h e  normal d isp lacement  o f  t h e  sur-  
f a c e  a t  t h e  c o n t r o l  p o i n t  o f  t h e  j t h  panel i n  t h e  n t h  mode. Also, t h e  
aerodynamic force m a t r i x  due to  yawed flow i s  
NP 
G(n) =)1 P ( j ,  NMG + 1 )  6 ( j , n >  d A ( j )  
II 
j=l 
(7) 
The mat r ices  [A1 1 and {G} can be c a l c u l a t e d  for  any g i v e n  f requency  
o f  o s c i l l a t i o n  and any g i v e n  i n t e r g r o u p  phase ang le .  However, f o r  yawed flow 
t h e  f requency  of t h e  aerodynamic l o a d i n g  on t h e  b lade  i s  t h e  same as t h e  r o t a -  
t i o n a l  f requency o f  t h e  propfan and he i n t e r g r o u p  phase ang le  of  t h e  l o a d i n g  
i s  2dNG - l > / N G .  
The above f o r m u l a t i o n  (eq.  ( 3 ) )  
p rop fan .  Also i n  t h i s  case, t h e  e n t  
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i s  v a l i d  for  an a r b i t r a r i l y  mis tuned 
r e  ro tor  has t o  be modeled for c a l c u l a t i n g  
t h e  aerodynamic loads .  For example, for  a p r o p f a n  w i t h  e i g h t  u n i d e n t i c a l  
b lades  w i t h  72 aerodynamic pane ls  f o r  each b l a d e ,  t h e  t o t a l  number of  pane ls  
i n  equa t ions  ( 5 )  and ( 6 )  i s  576. 
Unsteady Aerodynamic Model f o r  Frequency M i s t u n i n g  
If t h e  v i b r a t i o n  mode shapes of a l l  t h e  b lades  a r e  i d e n t i c a l ,  and i f  o n l y  
t h e  d i f f e r e n c e s  i n  b lade v i b r a t i o n  f requenc ies  around t h e  ro tor  a r e  t o  be 
accounted f o r ,  t h e  computa t iona l  t i m e  and t h e  computer memory r e q u i r e d  for  c a l -  
c u l a t i n g  t h e  m a t r i c e s ,  [ A i l  and (G},  can be min imized by c a l c u l a t i n g  t h e  
aerodynamic loads  f o r  each i n t e r g r o u p  phase ang le  i ndependen t l y .  For t h i s  spe- 
c i a l  case t h e  number o f  b lades i n  a group, NB, equa ls  one, and t h e  i n t e r g r o u p  
and i n t e r b l a d e  phase angles a r e  t h e  same. 
t h e  f o r c i n g  f u n c t i o n  m a t r i c e s  for t h e  r t h  i n t e r b l a d e  phase ang le  be [Qrl 
and {gr} where r = 0 , l  . . .  (NG - 1 ) ) .  These m a t r i c e s  a r e  c a l c u l a t e d  by 
u s i n g  equa t ions  ( 6 )  and ( 7 )  and by  p a n e l i n g  o n l y  one b lade .  For yawed f low, 
t h e  m a t r i x  ( g r }  has t o  be c a l c u l a t e d  o n l y  for  r = NG - 1 .  Then f o r  t h e  
case o f  a r b i t r a r y  f requency  m i s t u n i n g  the m a t r i c e s ,  [ A i l  and (G} can be 
expressed i n  terms o f  t h e  m a t r i c e s  C Q r I ' s  and (gNG-1) f o l l o w i n g  t h e  proce-  
dures i n  r e f e r e n c e  11 as 
L e t  t h e  g e n e r a l i z e d  aerodynamic and 
[ A l l  = [ E l  
where 
[ E l  = 
C Q o l  
[Ql  1 
. . . 
. . .  
(8) 
(10) 
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S o l u t i o n  o f  Modal Equat ions  
For s i mpl e harmon i c mot i on 
Equat ion  ( 3 )  leads  t o  the  f o l l o w i n g  
(4) = {qo) e i w t  
r ' 1-1 
+ E K 9 J - [ A l l l  {G) 
(12)  
(13)  
The ampl i tude o f  g e n e r a l i z e d  c o o r d i n a t e  v e c t o r  i s  c a l c u l a t e d  f o r  a g i v e n  
flow Mach number, yaw ang le ,  r o t a t i o n a l  speed, and b lade  s e t t i n g  ang le  by  
e x t e n d i n g  the computer program, ASTROP3, d e s c r i b e d  i n  r e f e r e n c e  5. 
C a l c u l a t i o n  o f  Blade S t resses  and S t r a i n s  
The b lade d e f l e c t e d  shape and v i b r a t i o n  d a t a  (modes, f r e q u e n c i e s ,  gener- 
a l i z e d  masses, and modal s t r e s s e s )  have been o b t a i n e d  by  s o l v i n g  equa t ions  ( 1 )  
and (2); w i t h  NASTRAN code. From t h e  modal s t r e s s e s  and t h e  amp l i t ude  of  t h e  
g e n e r a l i z e d  coo rd ina te  v e c t o r ,  t h e  e lementa l  s t r e s s e s  have been c a l c u l a t e d  by  
u s i n g  t h e  r e l a t i o n  
(14)  
where o x x i ,  u i, and axyi a r e  t h e  two normal s t r e s s e s  and t h e  shear s t r e s s  
o f  an element ?# t h e  i t h  b lade  i n  t h e  b l a d e  l o c a l  c o o r d i n a t e  system; [ S i 1  
i s  t h e  modal s t r e s s  m a t r i x  o f  an e lement  o f  t h e  i t h  b lade;  and ( q o i }  i s  
t h e  ampl i tude of t h e  g e n e r a l i z e d  c o o r d i n a t e  v e c t o r  for t h e  i t h  b l a d e .  For 
comparison w i t h  s t resses  measured on t h e  m e t a l l i c  b lades ,  t h e  e lementa l  
s t resses  a r e  r e s o l v e d  a l o n g  and p e r p e n d i c u l a r  t o  t h e  s t r a i n  gage d i r e c t i o n .  
The r e s o l v e d  s t resses  o f  t h e  e lements su r round ing  t h e  s t r a i n  gages were aver -  
aged to  c a l c u l a t e  a va lue  a t  t h e  gage l o c a t i o n .  For comparison w i t h  s t r a i n s ,  
measured on the composite b lades ,  t h e  s t r a i n s  a t  t h e  gage l o c a t i o n s  a r e  c a l c u -  
l a t e d  by averaging t h e  r e s o l v e d  e lementa l  s t r a i n s  o f  t h e  su r round ing  e lements.  
The e lementa l  s t r a i n s  a re ,  i n  t u r n ,  c a l c u l a t e d  from t h e  e lementa l  s t r e s s e s  and 
the  e q u i v a l e n t  m a t e r i a l  p r o p e r t i e s  o f  t h e  e lements .  
RESULTS AND DISCUSSION 
The a n a l y t i c a l  model and t h e  ASTROP3 code were a p p l i e d  t o  f i v e  wind t u n n e l  
models o f  0.62 m ( 2  ft) d iameter  which were t e s t e d  for  a e r o e l a s t i c  response i n  
yawed flow a t  NASA Lewis. These models a r e :  ( 1 )  SR-5 w i t h  t e n  t i t a n i u m  
b lades ;  ( 2 )  SR-3 w i t h  e i g h t  t i t a n i u m  b lades ;  ( 3 )  SR3C-XZ w i t h  e i g h t  composi te  
b lades  c o n s i s t i n g  of 80 p e r c e n t  of t h e  p l y s  a l o n g  t h e  b l a d e  p i t c h  axes and 
20 p e r c e n t  a long t h e  +22.5O d i r e c t i o n s ;  ( 4 )  SR3C-3 w i t h  e i g h t  composi te  b lades  
c o n s i s t i n g  of  80 pe rcen t  of t h e  p l y s  a l o n g  t h e  b l a d e  p i t c h - a x i s  and 20 p e r c e n t  
a long  t h e  + 4 5 O  d i r e c t i o n s ;  and (5) SR3C-X2/SR3C-3 w i t h  f o u r  SR3C-X2 b lades  and 
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f o u r  SR3C-3 b lades  mounted a l t e r n a t e l y  (for b o t h  f requency and mode shape m i s -  
t u n i n g ) .  
i n  yawed flow a t  d i f f e r e n t  Mach numbers, r o t a t i o n a l  speeds, and b lade  s e t t i n g  
ang les .  The d a t a  have been documented i n  r e f e r e n c e  4 for SR-3 and SR-5, and 
i n  r e f e r e n c e  12 for  SR3C-X2, SR3C-3 and SR3C-X2/SR3C-3. From t h i s  d a t a  bank, 
o n l y  s e l e c t e d  t e s t  p o i n t s  were chosen to  ana lyze  and v a l i d a t e  t h e  a n a l y t i c a l  
a e r o e l a s t i c  response model and t h e  ASTROP3 code. The r e s u l t s  a r e  p resen ted  i n  
e i g h t  p a r t s :  ( 1 )  A n a l y s i s  cases; ( 2 )  c a l c u l a t e d  and measured n o n r o t a t i n g  
b lade f requency  t a b l e ;  ( 3 )  c a l c u l a t e d  r o t a t i n g  b lade  f requency t a b l e ;  ( 4 )  c a l -  
c u l a t e d  and measured b lade  s t r e s s  ampl i tudes for SR-5; (5) V a r i a t i o n  o f  t h e  
SR-5 b lade  s t r e s s  w i t h  t h e  b lade  s t i f f n e s s  and m i s t u n i n g ;  (6) V a r i a t i o n  o f  t h e  
SR-5 b lade  s t r e s s e s  w i t h  t h e  number of b lades  ( 7 )  c a l c u l a t e d  and measured 
s t r e s s  ampl i tudes  f o r  t h e  SR-3; and (8) c a l c u l a t e d  and measured s t r a i n  ampl i -  
tudes f o r  t h e  SR3C-X2, SR3C-3 
and SR3C-X2/SR3C-3. 
These f i v e  models were e x p e r i m e n t a l l y  t e s t e d  for a e r o e l a s t i c  response 
I n  a l l  o f  t h e  c a l c u l a t i o n s ,  t h e  f requenc ies  and mode shapes o f  t h e  b lades  
were o b t a i n e d  by u s i n g  COSMIC NASTRAN. The s teady -s ta te  d e f l e c t e d  p o s i t i o n  o f  
t h e  b lade  due t o  c e n t r i f u g a l  l o a d i n g  i s  employed i n  c a l c u l a t i n g  b o t h  v i b r a t i o n  
and a e r o e l a s t i c  response.  The s t r u c t u r a l  damping of t h e  b lades  i s  n o t  i n c l u d e d  
i n  t h e  c a l c u l a t i o n s .  A l s o  for unsteady aerodynamic c a l c u l a t i o n s ,  each b lade  i s  
d i s c r e t i z e d  w i t h  n i n e  ( r a d i a l )  by  e i g h t  (chordwise)  pane ls .  
Ana lys i s  Cases 
Cases cons idered f o r  a n a l y s i s  a r e  l i s t e d  i n  t a b l e  1 .  Four cases each fo r  
t h e  SR-5 and SR-3 models ( c o v e r i n g  four r o t a t i o n a l  speeds, f ou r  Mach numbers, 
t h r e e  b lade  s e t t i n g  ang les  and s i x  propfan a i r f l o w  ang les )  were chosen. These 
cases cover  a wide range of o p e r a t i n g  c o n d i t i o n s .  Both  t h e  SR-5 and t h e  SR-3 
were chosen fo r  a n a l y s i s  because t h e  blade sweep of t h e  SR-5 model b lade  i s  
l a r g e r  than  t h a t  f o r  t h e  SR-3. Also, t h e  number o f  b lades  o f  t h e  SR-5 p r o p f a n  
i s  t e n  and t h a t  o f  t h e  SR-3 i s  e i g h t .  For t h e  t h r e e  composi te  p r o p f a n  models, 
one t e s t  t unne l  c o n d i t i o n  was chosen i n  o r d e r  t o  v a l i d a t e  t h e  code w i t h  t h e  
e f fec ts  o f  b lade  p l y  d i r e c t i o n s  and o f  bo th  b l a d e  f requency and mode shape m i s -  
t u n i n g  on  a e r o e l a s t i c  response due t o  yawed flow. 
C a l c u l a t e d  and Measured Nonro ta t i ng  Blade Frequenc ies  
For t h e  f i v e  cases cons idered,  c a l c u l a t e d  and measured n o n r o t a t i n g  b lade  
f requenc ies  a re  t a b u l a t e d  i n  t a b l e  2 .  The average va lues  of t h e  measured f r e -  
quencies a r e  l i s t e d .  On ly  t h e  f requenc ies  for t h e  f i r s t  f o u r  modes a r e  l i s t e d  
i n  t h i s  t a b l e  s i n c e  t h e  h i g h e r  o r d e r  modes a r e  n o t  i m p o r t a n t ,  as w i l l  be d i s -  
cussed, for f o r c e d  response due t o  yawed flow. However, f o r  one of t h e  t e s t  
cases o f  t h e  SR-5 b lade,  t he  e f f e c t  on b lade response of u s i n g  up t o  s i x  modes 
i s  i n v e s t i g a t e d .  The measured b lade  f requenc ies  o f  each p r o p f a n  model d i f f e r  
s l i g h t l y  from each o t h e r  because o f  manufactur ing t o l e r a n c e s .  Comparing t h e  
c a l c u l a t e d  and measured f requenc ies ,  the agreement i s  s a t i s f a c t o r y  f o r  t h e  
f i r s t  two modes and i s  poor  f o r  t h e  t h i r d  and f o u r t h  modes. A l though  n o t  
shown, t h e  q u a l i t a t i v e  agreement between t h e  c a l c u l a t e d  and measured f i rst and 
second mode shapes i s  a l s o  good. More d e t a i l e d  d i s c u s s i o n s  a r e  p resen ted  i n  
r e f e r e n c e s  5 and 6. 
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C a l c u l a t e d  R o t a t i n g  B lade Frequencies 
The r o t a t i n g  b lade  f r e q u e n c i e s  f o r  t h e  f i r s t  f o u r  modes, for  each b l a d e  
and for each t e s t  p o i n t ,  a r e  l i s t e d  i n  t a b l e  3. The f requenc ies  a r e  c a l c u l a t e d  
w i t h  c e n t r i f u g a l  s t i f f e n i n g  and s o f t e n i n g  loads  by u s i n g  COSMIC NASTRAN. The 
e f f e c t s  o f  hub f l e x i b i l i t y  a r e  n e g l e c t e d  i n  mode l ing  t h e  b l a d e  and, hence, 
t h e r e  i s  no s t r u c t u r a l  c o u p l i n g  between t h e  b lades .  Also, Coriol is f o r c e s  
i n t r o d u c e d  by r o t a t i o n  a r e  n o t  i n c l u d e d  because t h e y  were shown t o  be n e g l i -  
g i b l e  f o r  t h e  p r o p f a n  b lades  i n  r e f e r e n c e  13. D e t a i l e d  d i s c u s s i o n  on c o r r e l a -  
t i o n  between c a l c u l a t e d  and measured f r e q u e n c i e s  can be found  i n  r e f e r e n c e s  4 ,  
5, 6, and 8 .  T h i s  compara t ive  t a b l e  i s  i n c l u d e d  i n  t h i s  paper i n  o r d e r  t o  show 
t h a t  t h e  e x c i t a t i o n  f requency  due t o  yawed flow, which i s  t h e  b lade  r o t a t i o n a l  
f requency ,  shown i n  t a b l e  3, i s  p laced  w e l l  below t h e  f i r s t  mode f requency.  
The importance o f  t h i s  w i l l  be d iscussed i n  t h e  n e x t  s e c t i o n .  
SR-5 C a l c u l a t e d  and Measured Blades S t resses  
The c a l c u l a t e d  s t r e s s  amp l i t udes  f o r  t h e  f o u r  t e s t  p o i n t  cases o f  t h e  SR-5 
p rop fan  model a r e  compared w i t h  t h e  measured ones i n  t a b l e  4. On ly  t h e  amp l i -  
tudes a r e  compared because t h e  i n t e r b l a d e  phase ang le  of t h e  c a l c u l a t e d  s t r e s s  
f o r  t h e  tuned rotor i s  324O (-36") which corresponds t o  a one nodal  d iamete r  
backward t r a v e l i n g  wave. The predominant  i n t e r b l a d e  phase ang le  measured i s  
a l s o  324O. Average va lues  o f  t h e  c a l c u l a t e d  normal ( a l o n g  t h e  s t r a i n  gage 
a x i s )  and shear (p lane  p e r p e n d i c u l a r  t o  t h e  s t r a i n  gage a x i s )  s t r e s s e s  o f  t h e  
b lade f i n i t e  elements n e i g h b o r i n g  a s t r a i n  gage l o c a t i o n  a r e  t a b u l a t e d  i n  
t a b l e  4. 
I n  c a l c u l a t i n g  t h e  b lade  s t r e s s e s ,  a numer ica l  convergence s tudy  was con- 
duc ted  by va ry ing  t h e  number o f  modes for t h e  t e s t  p o i n t  case 8508. 
s tudy ,  a l though t h e  r e s u l t s  a re  n o t  shown here ,  showed t h a t  t h e  major  c o n t r i b u -  
t i o n  t o  blade s t r e s s e s  comes from t h e  f i r s t  two modes (abou t  75 p e r c e n t  from 
t h e  f i r s t  mode and t h e  rema in ing  from t h e  second mode.) The c o n t r i b u t i o n  from 
the  h i g h e r  modes i s  n e g l i g i b l e .  T h i s  was expected because t h e  e x c i t a t i o n  f r e -  
quency o f  the f o r c i n g  f u n c t i o n  due t o  yawed flow i s  t h e  same as t h e  r o t a t i o n a l  
f requency  and i s  w e l l  below t h e  f i r s t  mode f requency  o f  t h e  b l a d e  a t  t h a t  r o t a -  
t i o n a l  speed. Because o f  t h i s  f i n d i n g ,  o n l y  two normal modes a r e  used f o r  c a l -  
c u l a t i n g  the  s t r e s s e s  l i s t e d  i n  t a b l e  4 .  
T h i s  
The blade s t r e s s e s  a r e  measured a t  f o u r  l o c a t i o n s  which a r e  shown i n  f i g -  
u r e  3. 
r e s p e c t  to  p i t c h  a x i s  and t h e  r a d i a l  and chordwise l o c a t i o n s  o f  s t r a i n  gages. 
Gages 1, 5,  and 6 measured normal s t r e s s e s  and gage 3 measured shear s t r e s s e s .  
A l so  i n c l u d e d  i n  t h i s  f i g u r e  a r e  s t r a i n  gage ang les  measured w i t h  
To g i v e  a g r a p h i c a l  p i c t u r e  o f  t h e  c o r r e l a t i o n  between t h e o r y  and e x p e r i -  
ment, c a l c u l a t e d  and measured s t r e s s e s  f o r  t h e  f o u r  t e s t  cases a r e  shown i n  
f i g u r e s  4 t o  7 .  
i s  i l l u s t r a t e d  by a v e r t i c a l  ba r  i n  these f i g u r e s .  
4, 5, and 7, r e s p e c t i v e l y ,  a r e  good. The c a l c u l a t e d  s t r e s s e s  a r e  lower  than  
the  corresponding measured va lues .  T h i s  may be due t o  t h e  l e v e l  o f  b lade  
f requency  and mode shape m i s t u n i n g  (wh ich  u s u a l l y  have adverse e f f e c t  on 
response) ,  d i sc repanc ies  i n  s t r a i n  measurements, s t r a i n  gage o r i e n t a t i o n s ,  or 
the  f i n i t e  element model. 
The v a r i a t i o n  o f  t h e  c a l c u l a t e d  s t r e s s  around a s t r a i n  gage 
For the  t e s t  p o i n t  cases 8508, 8511 and 8610, t h e  c o r r e l a t i o n s  i n  f i g u r e s  
The c o r r e l a t i o n  between t h e o r y  and exper iment  for 
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t he  t e s t  p o i n t  case 8607 ( f i g .  6)  i s  no t  as good as t h a t  i n  f i g u r e s  4, 5, and 
7,  p a r t i c u l a r l y  f o r  s t r a i n  gage 6. This  may be due t o  t h e  f a c t  t h a t  t h e  i n f l o w  
(or  yaw) ang le  i s  12O which i s  s i g n i f i c a n t l y  h i g h e r  than 2O, 5O, and 3O for  
t h e  cases 8508, 8511, and 8610, r e s p e c t i v e l y .  For t h i s  h i g h  in f low ang le ,  
t he  assumpt ion o f  a t t a c h e d  flow may break down. 
V a r i a t i o n  o f  SR-5 Blade St resses  w i t h  Blades S t i f f n e s s  and M i s t u n i n g  
I t  i s  w e l l  known t h a t  t he  b lade s t resses  a r e  f u n c t i o n s  of t h e  b lade  s t i f f -  
ness and b lade  m i s t u n i n g .  A decrease i n  t h e  b lade  s t i f f n e s s  i nc reases  t h e  
b lade s t r e s s e s .  However, t h e  e f f e c t  of  b l a d e  m i s t u n i n g  may have e i t h e r  a bene- 
f i c i a l  or an adverse e f f e c t s  on b lade  v i b r a t o r y  response and hence on t h e  b lade  
s t resses .  To i l l u s t r a t e  t h e  s e n s i t i v i t y  of b lade  s t r e s s  due to  v a r i a t i o n  
i n  s t i f f n e s s  and t y p e  o f  m is tun ing ,  t he  c a l c u l a t e d  r e s u l t s  o f  a p a r a m e t r i c  
i n v e s t i g a t i o n  employ ing t h e  SR-5 prop fan  t e s t  p o i n t  case 8508 a r e  l i s t e d  i n  
t a b l e  5 .  The model i n  case 8508-R i s  the  r e f e r e n c e  ro to r  w i t h  f r e q u e n c i e s  
f l  = 140 Hz and f 2  = 274 Hz, for t h e  f i r s t  and second modes, r e s p e c t i v e l y .  
For models i n  cases 8508-1 and 8508-2, t h e  f requenc ies  o f  a l l  o f  t h e  b lades  
a r e  reduced by  5 p e r c e n t  and a re  inc reased by 5 p e r c e n t ,  r e s p e c t i v e l y .  A 
5 p e r c e n t  r e d u c t i o n  i n  b lade frequency i nc reased  t h e  b lade s t r e s s  from 1 8 8 6 ~ 1 0 ~  
t o  2196x104 N w 2 ,  and a 5 p e r c e n t  inc rease i n  b lade  f requency  decreased t h e  
b lade s t r e s s  from 1 8 8 6 ~ 1 0 ~  t o  1 6 4 0 ~ 1 0 ~  Nmm2. T h i s  c l e a r l y  shows t h a t  t h e  accu- 
r a c y  o f  t h e  b lade  f requency  c a l c u l a t i o n  i s  v e r y  i m p o r t a n t  for p r e d i c t i n g  b lade  
s t r e s s  even a t  t h e  o f f - resonance c o n d i t i o n .  
The e f f e c t  o f  b lade  a l t e r n a t e  f requency  m i s t u n i n g  on b lade  s t r e s s e s  i s  
shown i n  case 8508-3. The f r e q u e n c i e s  of t h e  odd b lades  a r e  decreased by  
5 p e r c e n t  and those o f  t h e  even b lades  a r e  i nc reased  by 5 p e r c e n t .  The b lade  
s t r e s s e s  a r e  c a l c u l a t e d  a t  t h e  s t r a i n  gage l o c a t i o n  1 o f  b lades  1 and 2 .  Com- 
p a r i n g  s t r e s s e s  for  t h e  cases 8508-R and 8508-3 a 55 p e r c e n t  f requency  mis tun-  
i n g  has i n c r e a s e d  t h e  b lade  s t r e s s  from 1 8 8 6 ~ 1 0 ~  t o  2 1 8 1 ~ 1 0 ~  N n r 2  f o r  b lade  1 
and has reduced from 1 8 8 6 ~ 1 0 ~  t o  1 6 5 1 ~ 1 0 ~  Nm-2 f o r  b lade  2. However, comparing 
s t r e s s e s  for t n e  cases 8508-1 t o  8508-3, a 25 p e r c e n t  f requency m i s t u n i n g  has 
n o t  i nc reased  t h e  s t r e s s e s  s i g n i f i c a n t l y .  
The worst case o f  m i s t u n i n g  i s  t he  one where a "rogue b lade"  i s  p r e s e n t .  
I n  t h i s  case, a l l  b u t  one o f  the  b lades  a r e  i d e n t i c a l .  To q u a n t i f y  t h i s  f a c t  
for p r o p f a n  b lades ,  f o u r  cases 8508-4 t o  8509-7 a r e  cons idered.  The frequen- 
c i e s  o f  b l a d e  1 a r e  v a r i e d  from 0.95 t o  1.1 t imes  t h e  r e f e r e n c e  va lues ,  f l  
f 2 .  Comparing the  s t resses  on b lade 1 a t  s t r a i n  gage l o c a t i o n  1 ,  t h e r e  i s  a 
s i g n i f i c a n t  change i n  b lade s t r e s s  from 2 5 5 0 ~ 1 0 ~  N r 2  for t h e  case 8505-4, t o  
1 4 3 6 ~ 1 0 ~  N w 2  f o r  t h e  case 8508-7. This  comparison c l e a r l y  demonstrates t h e  
impor tance o f  q u a l i t y  c o n t r o l  i n  manufac tur ing  the  b lade  and t h e  r o l e  of b lade  
m i s t u n i n g  i n  a e r o e l a s t i c  response a n a l y s i s .  
and 
V a r i a t i o n  o f  SR-5 Blade S t r e s s e s  w i t h  Number o f  Blades 
Table 6 shows v a r i a t i o n  o f  b lade  s t r e s s  w i t h  number o f  b lades .  E v i d e n t l y ,  
t h e  b lade  s t r e s s  i nc reases ,  w i t h  a decrease i n  number o f  b lades .  I t  shou ld  be 
no ted  t h a t  w i t h  a decrease i n  number o f  b lades ,  t h e  i n t e r b l a d e  phase ang le  o f  
the  f o r c i n g  f u n c t i o n  i s  changing even though t h e  f requency  i s  t h e  same. For 
examr>le, t h e  i n t e r b l a d e  Dhase ana le  i s  324O f o r  . .  
b lades,  300° f o r  s i x  b lades  and ;o on. I t  i s  a 
- ~~~ ~~ ~ -__ 
t e n  blade;, 315O f o r  e i g h t  
so noted  from t h e  r e s u l t s  t h a t  
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the two lowest damped interblade phase angles for the ten bladed case are 2 8 8 O  
and 324O which corresponds to two and one nodal diameter backward traveling 
waves, respectively. As the number o f  blades decreases, the damping of the one 
nodal diameter backward traveling wave mode increases. Also, the amplitude o f  
the forcing function increases with a decrease in the number of blades. This 
i s  because closer blade spacing causes a reduction in blade lift from the 
induced velocity. Thus, the increase in blade response with a decrease in 
number of blades is not surprising, even though it is not obvious. 
SR-3 Calculated and Measured Blade Stresses 
Table 7 compares calculated and measured stress amplitudes for the four 
test point cases of the SR-3 propfan model. 
interblade phase angle of the calculated stress for the tuned rotor is 315O, 
which corresponds to a one nodal diameter backward traveling wave. 
inant interblade phase angle measured is also 315O. but there is a slight 
deviation from this angle because of the presence of a small amount of blade 
frequency mistuning. Average values of the calculated normal and shear 
stresses of the blade finite elements neighboring a strain gage location are 
tabulated. 
For this eight-bladed rotor, the 
The predom- 
The blade stresses are measured at five locations which are shown in fig- 
ure 8. Gages 1 ,  2 , 3, and 5 measured normal stress and gage 4 measured shear 
stress. 
For a graphical comparison, the calculated and measured stresses for one 
test case, point 190, are plotted in figure 9. The results show that the cor- 
relation between theory and experiment is good. In the case of SR-5, the cal- 
culated stresses are lower than the measured ones, whereas in the case of SR-3, 
the calculated stresses for some gages are higher and for some gages lower than 
the measured ones. 
Comparing the present correlation between theory and experiment with that 
in reference 3, where a two-dimensional aerodynamic theory was used, the gen- 
eral trend is the same but the present correlation i s  slightly better in some 
cases, which should be expected from a more refined three-dimensional aerody- 
namic model. But, with a three-dimensional aerodynamic model, the uncertain- 
ties associated with a two-dimensional model, such as the choice of reference 
axis for measuring blade sweep and the validity of sweep correction, do not 
arise. 
Calculated and Measured Blade Strains for the SR3C-X2, SR3C-3, and 
SR3C-X2lSR3C-3 Propfans 
To validate the present analytical formulation and ASTROP3 for the predic- 
tion of blade stresses of composite blades with mistuning, three composite 
propfan models were studied. 
these models were presented in reference 6, and the measured aeroelastic 
response data were presented in reference 12. All three models are now ana- 
lyzed for aeroelastic response at one set of wind tunnel conditions: M = 0.36, 
rpm = 5500, P0.75~ = 4 8 O .  
table 8 at two strain gage locations which are shown in figure 10. For these 
The calculated and measured flutter data of 
The calculated and measured strains are compared in 
I 
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cases, s t r a i n s  a r e  compared i n s t e a d  of  s t resses ,  because the  measured d a t a  
were i n  t h i s  form. 
I 
SR3C-X2 c o r r e l a t i o n .  - The v a r i a t i o n  of  t h e  SR3C-X2 b lade  n a t u r a l  f requen-  
c i e s  w i t h  r o t a t i o n a l  speed, and a comparison o f  measured bench n a t u r a l  f requen-  
c i e s  w i th  cor respond ing  c a l c u l a t e d  ones were p resen ted  i n  r e f e r e n c e  5 .  S ince  
t h e  c o r r e l a t i o n  between t h e o r y  and exper iment ,  as d i scussed  i n  r e f e r e n c e  5,  i s  
poor  f o r  t h e  second mode, t h r e e  subcases o f  c a l c u l a t e d  s t r a i n s  a r e  p resen ted  
i n  t a b l e  8.  I n  t h e  subcase ' la ' ' ,  c a l c u l a t e d  f requenc ies  a r e  used; i n  t h e  sub- 
case "b" ,  t h e  measured second mode frequency i s  used; and i n  subcase " c " ,  t h e  
"quasi-measured" r o t a t i n g  f r e q u e n c i e s  are used for t h e  f i r s t  mode and measured 
n o n r o t a t i n g  f requency  for t h e  second mode for  each b lade .  The quasi-measured 
f requenc ies  a r e  o b t a i n e d  from t h e  n o n r o t a t i n g  measured f r e q u e n c i e s  w i t h  a co r -  
r e c t i o n  t o  c e n t r i f u g a l  s t i f f e n i n g  and so f ten ing  l o a d s .  The c o r r e c t i o n  i s  based 
on Southwel l  c o e f f i c i e n t  which i s  determined from t h e  b lade  r o t a t i n g  and non- 
r o t a t i n g  c a l c u l a t e d  f r e q u e n c i e s .  No c o r r e c t i o n  was a p p l i e d  to  t h e  second mode 
f requency  because i t  does n o t  change apprec iab l y  w i t h  r o t a t i o n a l  speed. Essen- 
t i a l l y ,  subcase I'c" r e p r e s e n t s  a rotor wi th  an a r b i t r a r y  f requency  m i s t u n i n g .  
Comparing t h e  measured and c a l c u l a t e d  s t r a i n s ,  i n  subcase 'la'' f o r  t h e  
SR3C-XZ model, t h e  measured va lues  a t  the s t r a i n  gage l o c a t i o n  1 a r e  h i g h e r  by  
27.8 pe rcen t .  However, c o r r e l a t i o n  between the  measured and c a l c u l a t e d  s t r a i n s  
i n  subcases "b"  and " c "  i s  b e t t e r  than subcase "a" ,  w i t h  t h e  measured va lues  
s t i l l  h i g h e r  than  t h e  c a l c u l a t e d  by 17 percen t .  E v i d e n t l y ,  t h i s  compar ison 
shows t h e  s i g n i f i c a n c e  o f  t h e  accuracy r e q u i r e d  i n  p r e d i c t i n g  n a t u r a l  f requen-  
c i e s  and t h e  l e v e l  o f  f requency  m is tun ing .  
SR3C-3 c o r r e l a t i o n .  - The v a r i a t i o n  of t h e  SR3C-3 b lade  measured n o n r o t a t -  
i n g  f requenc ies  i s  n o t  a v a i l a b l e .  The va lue  i n  t a b l e  2 r e p r e s e n t s  o n l y  one 
b lade .  S ince  t h e  c o r r e l a t i o n  between the measured and c a l c u l a t e d  n o n r o t a t i n g  
f i r s t  mode f requency  ( t a b l e  2)  i s  n o t  t h a t  good, two s e t s  o f  c a l c u l a t e d  s t r a i n s  
a r e  l i s t e d  i n  t a b l e  8.  The subset  "d"  s t r a i n  i s  w i t h  c a l c u l a t e d  f i r s t  and sec- 
ond mode f r e q u e n c i e s ,  and subset  "e" i s  w i t h  quasi-measured f i r s t  mode r o t a t i n g  
f requency.  As can be seen, t h e  c a l c u l a t e d  s t r a i n  f o r  t h e  subsets  'Id" and ''e'' 
a r e  g r e a t e r  than the  measured va lue ,  bu t  t h e  s t r a i n  for  subset  ''e'' i s  c l o s e r  t o  
the  measured va lue .  
f i r s t  mode r o t a t i n g  f requency .  
' 
Again,  t h e  c a l c u l a t e d  r e s u l t s  a r e  v e r y  s e n s i t i v e  t o  t h e  
SR3C-X2/SR3C-3 c o r r e l a t i o n .  - I n  view of t h e  d e v i a t i o n s  ( t a b l e  2 )  between 
the  c a l c u l a t e d  and measured f requenc ies  for the  SR3C-XZ and SR3C-3 b lades ,  two 
s e t s  o f  c a l c u l a t e d  r e s u l t s ,  subcase " f" and subcase "g" ,  a r e  i n c l u d e d  i n  
t a b l e  8.  These cases r e p r e s e n t  an a l t e r n a t e  mis tuned ro to r .  The s t r a i n  for 
subcase " f"  i s  based on t h e  c a l c u l a t e d  f requenc ies  and subcase "g"  i s  based on  
the  quasi-measured f r e q u e n c i e s .  
t h e  SR3C-X2 and SR3C-3 b lades  i n  the  symmetric group a r e  i n c l u d e d .  C o n t r a r y  
to  the  r e s u l t s  i n  t h e  subcases "a "  and "d" i n  t a b l e  8,  t he  c a l c u l a t e d  s t r a i n  
i n  subcase " f "  i s  h i g h e r  t h a n  t h e  measured f o r  t h e  SR3C-X2 b lade ,  b u t  i s  l ower  
than measured for t h e  SR3C-3 b lade.  However, t he  c o r r e l a t i o n  between t h e o r y  
and exper iment  i n  subcase "g" w i t h  quasi-measured f requenc ies  i s  b e t t e r .  
The measured and c a l c u l a t e d  s t r a i n s  for b o t h  
For a l l  o f  t h e  t h r e e  models d iscussed e a r l i e r ,  t h e  c o r r e l a t i o n  between 
c a l c u l a t e d  and measured s t r a i n s  a t  s t r a i n  gage l o c a t i o n  2 i s  v e r y  poo r .  The 
reason for t h i s  i s  n o t  known a t  t h i s  time o f  w r i t i n g ,  and i s  under  
i n v e s t i g a t i o n .  
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For t h e  SR3C-X2 model, t h e  c a l c u l a t e d  i n t e r b l a d e  phase ang le  i s  315O, and 
t h e  measured va lue  v a r i e d  from 312O t o  318O; for  t h e  SR3C-3 model t h e  c a l c u l a -  
t e d  va lue  i s  315O, and t h e  measured v a l u e  n o t  a v a i l a b l e ;  and f o r  t h e  SR3C-X2/ 
SR3C-3 model t h e  c a l c u l a t e d  v a l u e  v a r i e d  from 314O t o  316O, and t h e  measured 
va lue  v a r i e d  from 308O to  317O. The o v e r a l l  agreement between t h e o r y  and 
exper iment  i s  good. 
CONCLUSIONS 
A t h e o r e t i c a l  a e r o e l a s t i c  response model was developed for  p r e d i c t i n g  
s t resses  and s t r a i n s  o f  m e t a l l i c  and composi te  p r o p f a n  b lades  w i t h  b lade  m i s -  
t u n i n g .  Th is  model i s  based on normal modes o f  t h e  r o t a t i n g  b lades  and t h r e e -  
d imens iona l  l i f t i n g  s u r f a c e  unsteady aerodynamic t h e o r y .  C a l c u l a t e d  r e s u l t s  
were c o r r e l a t e d  w i th  p u b l i s h e d  measured s t r a i n  or s t r e s s  d a t a  f o r  f i v e  w ind  
tunne l  p rop fan  models. The c o r r e l a t i o n s  and a d d i t i o n a l  p a r a m e t r i c  r e s u l t s  l e d  
t o  the  f o l l o w i n g  conc lus ions :  
1 .  C a l c u l a t e d  and measured s t r e s s e s  or s t r a i n s  agree w e l l  i n  g e n e r a l .  
However, i n  most o f  the  cases, t h e  c a l c u l a t e d  va lues  a r e  lower  t h a n  t h e  meas- 
u red  va lues .  Also, c a l c u l a t e d  and measured i n t e r b l a d e  phase ang le  of t h e  
b lade  response w i t h  and w i t h o u t  b lade  m i  s t u n i n g  agree we1 1 .  
2.  C a l c u l a t e d  b lade  s t r e s s e s  and s t r a i n s  a r e  v e r y  s e n s i t i v e  t o  t h e  f i r s t  
mode f requency,  as expected,  s i n c e  t h e  e x c i t a t i o n  f requency  i s  lower  t h a n  t h e  
f i r s t  mode b lade f requency  i n  a l l  t h e  cases analyzed.  
mal modes are adequate t o  p r e d i c t  t h e  response due t o  yawed flow. 
The f i r s t  two b lade  nor-  
3. S t resses  and s t r a i n s  a r e  a l s o  s e n s i t i v e  t o  t h e  b lade  f requency  and t h e  
mode shape m is tun ing .  
a s i g n i f i c a n t  adverse e f f e c t  on  b l a d e  s t r e s s e s  for  t h e  m e t a l l i c  b lade  (SR-5). 
But  b o t h  f requency  and mode shape m i s t u n i n g  have b e n e f i c i a l  e f f e c t s  on compos- 
i t e  b lade s t r a i n s  due t o  yawed flow. These r e s u l t s  demonstrate t h a t  b o t h  f re -  
quency and mode shape m i s t u n i n g  shou ld  be i n c l u d e d  i n  a e r o e l a s t i c  response 
a n a l y s i  s .  
A 55 p e r c e n t  a l t e r n a t e  f requency  m i s t u n i n g  does n o t  have 
4. C a l c u l a t e d  r e s u l t s  showed t h a t  b y  i n c r e a s i n g  t h e  number o f  b lades  on a 
ro to r ,  a decrease i n  b lade  s t r e s s  amp l i t udes  due t o  yawed f low occu rs .  
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TABLE 1 .  - ANALYSIS CASE TABLE 
Propfan 
model 
SR-5 
SR-3 
SR3C-XZ 
SR3C-3 
SR3C-X2/ 
SR3C-3 
Test p o i n t  
8508 
851 1 
8607 
8610 
190 
273 
277 
278 
392 
45 
768 
Rota- 
ti onal 
speed, 
r Pm 
5500 
5500 
6000 
6000 
8000 
8000 
7000 
8000 
5500 
5500 
5500 
0.801 
.791 
.360 
.361 
.353 
.798 
.795 
.795 
.36 
.36 
.36 
70.8 
70.8 
60.8 
60.8 
48.9 
60.8 
60.8 
60.8 
48 
48 
48 
330.0222 
339.0900 
339.0900 
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TABLE 2. - CALCULATED AND MEASURED NONROTATING BLADE FREQUENCIES 
[Frequencies g iven i n  Hz.] 
SR-5 
SR-3 
SR3C-X2 
SR3C-3 
I Propfan I Mode 1 1 Mode 2 I Mode 3 I Mode 4 I 
105 112 273 278 515 483 634 631 
167 160 41 1 385 617 638 713 866 
189 191 392 a371 700 693 752 987 
170 188 419 414 609 564 800 644 
.__ 
Cal'cu- Meas- Calcu- Meas- Calcu- Meas- Calcu- Meas- I l a t e d  I ured I l a t e d  I ured [ l a t e d  I ured I l a t e d  I ured I I 
Propfan Test S e t t i n g  
model po i  n t  angle 
B3/4R* 
deg 
SR-5 8508 70.0 
851 1 70.8 
8607 60.8 
8610 60.8 
SR-3 190 48.9 
273 60.8 
277 60.8 
278 60.8 
SR3C-X2 392 48 
SR3C-3 45 48 
Ro ta t i ona l  Mode 
speed 
rpm Hz 
1 2 3 4 - 
5500 91 -67 140 274 581 628 
5500 91.67 140 274 581 628 
6000 100 151 281 586 640 
6000 100 151 281 586 640 
8000 133.33 225 453 696 745 
8000 133.33 217 444 693 743 
7000 116.67 208 439 677 733 
8000 133.33 217 444 693 743 
5500 91.67 223 408 704 808 
5500 91.67 215 435 654 822 
I I I I I I I 1 I J 
aNote t h a t  t h i s  i s  the  measured va lue  be fo re  the  fo rced response t e s t .  
Before the  e a r l i e r  f l u t t e r  t e s t  t h e  va lue  i s  375 which i s  repor ted  i n  
re fe rence 10. 
Test 
po in t  
8508 
851 1 
8607 
8610 
Gage 1 Gage 3 Gage 5 Gage 6 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated 
Normal Normal Shear Shear Normal Shear Normal Normal Shear Normal Normal Shear 
2320 1886 295 20 1 168 43 183 31 1 248 999 383 243 
5968 4701 737 30 1 418 109 687 775 618 2602 956 606 
5142 3023 469 338 259 76 666 479 361 4997 610 358 
1225 759 118 93 65 19 166 120 90 1186 153 90 
TABLE 4. - SR-5 CALCULATED AND MEASURED STRESSES 
[Stresses given i n  (N/s2)x1O4.1 
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ORIGWAL PAGE fS 
POOR QUAurr 
Case Case 
descr ip t ion  
(number 
TABLE 5. - SR-5 BLADE STRESS VARIATION WITH FREQUENCY MISTUNING 
Blade s t ress ,  N/m2 
( S t r a i n  gage 1 )  
Case 
Gage 2 
Measured Calcu lated 
Normal Normal Shear 
732 623 55 
594 699 66 
970 1264 103 
1184 1382 130 
8508-R 
8508-1 
8508-2 
8508-3 
8508-4 
8508-5 
8508-6 
8508-7 
Gage 3 Gage 4 Gage 5 
Measured Ca lcu la ted  Measured Calcu lated Measured Calcu lated 
Normal Normal Shear Shear Normal Shear Normal Normal Shear 
1177 788 192 167 616 69 644 351 38 
372 31 956 914 205 136 680 60 523 
699 96 1926 1804 472 303 1339 154 1120 
1905 1809 407 270 1346 119 1042 736 61 
. Case descr ip t ion  
Test p o i n t  8508 
Calculated modes and frequencies ( f l  and f 2 )  
Frequencies: 0 .95 f l  and 0.95f2 
Frequencies: 1.05fl and 1.05f2 
Frequencies 
Frequencies 
Frequencies 
0.95f 
1.05f 
0.9f l  
0.95f 
and 0.95f2 (odd blades) 
and 1 .05f2 (even blades) 
and 0.9f2 (blade 1) 
and 0.95f2 (b lade 1) 
Frequencies: 
Frequencies: 
1 .05 f l  and 1.05f2 (b lade 1 )  
l . l f 1  and l . l f 2  (b lade 1) 
Blade s t ress ,  N/m2 
( S t r a i n  gage 1 )  
1886x 1 O4 
2196 
1640 
t2181 
1651 
2550 
2167 
1629 
1436 
aFor odd blades. 
bFor even b l  ades. 
Gage 1 
p o i n t  
8508-R 
8 5 08-8 B 
8508-68 
8508-56 
8508-48 
8508-1 B 
10 I 1886x 1 O4 
2305 ? I 2282 
TABLE 7. - SR-3 CALCULATED AND MEASURED BLADE STRESSES 
[St resses qiven i n  (N/m2)x1O4.1 
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TABLE 8. - SR3C-X2, SR3C-3, AND SR3C-X2/SR3C-3 CALCULATED AND MEASURED BLADE STRAINS 
Gage 1 
Measured Calcu lated Calcu lated Calcu lated 
w i t h  w i t h  
measured a r b i t r a r y  
frequency m i  s t u n i  ng 
2 5 7 ~ 1 0 - ~  a201x10-6 219x10-6 c217x1D-6 
e252 _____---- 195 d287 
9164 
177 f152 9153 
--------- 
------ --- 143 f199 
po in t  model -I Gage 2 Measured Calcu lated 
3 5 8 ~ 1 0 - ~  8 0 ~ 1 0 - ~  
165 d46 
135 f50 
161 f47 
I 
afl = 223 Hz; f 2  408 Hz. 
223 Hz: f 2  = 371 Hz.  
223, 230, 219, 219, 
371, 386, 367, 367, 
215 Hz; f 2  = 435 Hz 
230 Hz; f 2  = 435 Hz 
223 Hz; f 2  = 407 HZ 
223 Hz; f p  = 371 Hz 
223, 223, 225, 230 Hz. 
367, 382, 382, 367 Hz. 
(-X2 b lade) ;  f l  215 Hz; f 2  = 435 Hz (-3 b lade) .  
(-X2 b lade) ;  f l  230 Hz; f 2  = 435 Hz (-3 b lade) .  
FIGURE 1. - SR3C-X2 PROPFAN MODEL WIND TUNNEL INSTALLATION. 
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NG = 4 
NB = 2 
FIGURE 2. - BLADE GROUP SCHEMATIC FOR AN EIGHT-BLADED ROTOR. 
@ = GAGE NUMBER 
26.4 CM 
(10.4 I N . )  
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2 3 . 1  CM 
(9.1 I N . )  
FIGURE 3. - SR-5 STRAIN GAGE LOCATIONS (SUCTION SIDE).  
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FIGURE 4. - COMPARISON OF CALCULATED AND MEA- 
SURED BLADE STRESSES: SR-5 MODEL TEST POINT 
NUMBER 8508. 
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FIGURE 6. - COMPARISON OF CALCULATED AND MEA- 
SURED BLADE STRESSES: SR-5 MODEL TEST POINT 
NUMBER 8607. 
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FIGURE 5.  - COMPARISON OF CALCULATED AND MEA- 
SURED BLADE STRESSES: SR-5 MODEL TEST POINT 
NUFlBER 8511. 
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FIGURE 7. - COMPARISON OF CALCULATED AND MEA- 
SURED BLADE STRESSES: SR-5 MODEL TEST POINT 
NUMBER 8610. 
& GAGE 5 \ 
'vc \ \ 
\ GAGE 4 \ k  (SHEAR 1 
GAGE 2 \ 
GAGE 1 $ 
\ 
GAGE SPAN. CHORD, ANGLE FROM 
XR x RADIAL, 
DEG 
1 30.0 54 -19 
2 55.1 96 11.3 
3 69.9 56 42 
4 78.4 59 38.5 
5 86.3 61 49 
FIGURE 8. - SR-3 STRAIN GAGE LOCATIONS (SUCTION SIDE).  
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FIGURE 9. - CONPARISON OF CALCULATED AND EASURED 
STRAIN GAGE NUMBER 
BLADE STRESSES: SR-3 MODEL TEST POINT NUMBER 190. 
COMPOSITE 
FIGURE 10. - SR3C-XZ AND SR3C-3 
STRAIN GAGE LOCATIONS (SUCTION 
S I N ) .  
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6 Abstract 
An a n a l y t i c a l  i n v e s t i g a t i o n  o f  a e r o e l a s t i c  response of m e t a l l i c  and compos i te  
p r o p f a n  models i n  yawed f low has been per fo rmed.  
on t h e  normal modes o f  a r o t a t i n g  blade and t h e  th ree -d imens iona l  uns teady  l i f t -  
i n g  s u r f a c e  aerodynamic t h e o r y  i n c l u d i n g  b l a d e  m i s t u n i n g .  
s t r e s s e s  or s t r a i n s  a r e  compared w i t h  p u b l i s h e d  w ind  t u n n e l  d a t a  on two m e t a l l i c  
and t h r e e  compos i te  p r o p f a n  wind tunne l  models. 
agreement between t h e o r y  and exper iment .  A d d i t i o n a l  p a r a m e t r i c  r e s u l t s  i n d i c a t e  
t h a t  b l a d e  response i s  v e r y  s e n s i t i v e  t o  t h e  b l a d e  s t i f f n e s s  and a l s o  t o  b l a d e  
f r e q u e n c y  and mode shape m i s t u n i n g .  From these  f i n d i n g s ,  i t  i s  conc luded t h a t  
b o t h  f requency  and mode shape m i s t u n i n g  shou ld  be i n c l u d e d  i n  a e r o e l a s t i c  
response a n a l y s i s .  
combined b l a d e  f requency  and mode shape m i s t u n i n g  has b e n e f i c i a l  e f f e c t s  on  
response due t o  yawed f low. 
The a n a i y t i c a i  modei i s  based 
The c a l c u l a t e d  b l a d e  
The comparison shows a good 
Fur thermore ,  both c a l c u l a t e d  and measured s t r a i n s  show t h a t  
A e r o e l a s t i c i t y  
P r o p f a n  
A e r o e l a s t i c  response 
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